Translation of the polycistronic 35S RNA of CaMV (cauliflower mosaic virus) occurs via a reinitiation mechanism, which requires TAV (transactivator/viroplasmin). To allow translation reinitiation of the major open reading frames on the polycistronic RNA, TAV interacts with the host translational machinery via eIF3 (eukaryotic initiation factor 3) and the 60S ribosome. Accumulation of TAV and eIF3 in the polysomal fraction isolated from CaMV-infected cells suggested that TAV prevents loss of eIF3 from the translating ribosomes during the first initiation event. The TAV-eIF3-80S complex could be detected in vitro by sucrose-gradientsedimentation analysis. The question is whether TAV interacts directly with the 48S preinitiation complex or enters polysomes after the first initiation event. eIF4B, a component of the 48S initiation complex, can preclude formation of the TAV-eIF3 complex via competition with TAV for eIF3 binding; the eIF4B-and TAVbinding sites on eIF3g overlap. eIF4B out-competes TAV for binding to eIF3 and to the eIF3-40S complex. Transient overexpression of eIF4B in plant protoplasts specifically inhibits TAV-mediated transactivation of polycistronic translation. Our results thus indicate that eIF4B precludes TAV-eIF3-40S complex formation during the first initiation event. Consequently, overexpression of TAV in plant protoplasts affects only the second and subsequent initiation events. We propose a model in which TAV enters the host translational machinery at the eIF4B-removal step to stabilize eIF3 within polysomes.
Introduction
This review will deal with a representative of the plant pararetroviruses [1] , CaMV (cauliflower mosaic virus), which has developed two mRNA translation strategies which are unusual in eukaryotes: a ribosomal shunt ( [2] , see [3] for a review) and the strategy of polycistronic mRNA expression via a reinitiation mechanism ( [4] [5] [6] , see [7] for a review). Pararetroviruses contain DNA in mature virions. This DNA is transported into the nucleus, where it accumulates as a minichromosome [8, 9] . The genomic DNA contains two promoters, which direct production of the 35S pregenomic RNA and the 19S subgenomic RNA (Figure 1 ). In plant pararetroviruses, the pregenomic 35S RNA can serve as a template for the reverse transcription step of viral DNA replication [9] , as a substrate for splicing [10, 11] and as polycistronic mRNA [3] . Splicing leads to the appearance of four 35S RNA derivatives, which all remain polycistronic, with the shortest derivative lacking ORFs (open reading frames) VII, I and II [11] . The 35S RNA encodes all six functional viral proteins from ORF I to ORF VI; ORF VI is mainly translated from the 19S subgenomic RNA. The proteins encoded by ORFs I, II and III mediate movement from cell-to-cell and from plant-to-plant and are dispensable for viral replication [12] [13] [14] . ORFs IV, V and VI are essential for basic CaMV replication [15] and encode capsid protein precursor, a polyprotein with protease, reverse transcriptase and RNase H domains and TAV (translational transactivator/viroplasmin), respectively [9] .
CaMV-mediated translation of polycistronic RNA
Translation of ORFs I-V requires TAV [11, 16] . TAV is the most abundant viral protein and forms inclusion bodies (viroplasm) in the cytoplasm of infected cells. TAV is a multifunctional protein that plays a role in viral pathogenesis [17] [18] [19] and in the regulation of post-translational events, such as stabilization of viral proteins [20] and virion assembly [21] . Deletion mutagenesis provided the first data for linked translation of ORFs I, II and III [22] and VII and I [23, 24] , indicating that translation of CaMV follows rules highly unusual for eukaryotes. It was further shown in plant protoplasts [11, 16] and whole plants [25] that TAV mediates polycistronic translation from the CaMV 35S RNA, as well as from artificial polycistronic RNAs, and that this works by a reinitiation mechanism [5] .
The level of ORF V transactivation is the lowest and barely reached 3% compared with 50% for ORF IV [16] ; this may provide the necessary low ratio between the 'Pol' polyprotein and the 'CP' capsid protein precursor. Recently, the essential role of TAV-activated polycistronic translation was demonstrated for basic replication in a protoplast CaMV replication system: either TAV (including the essential transactivation domain) was required or Gag and Pol had to be overexpressed from separate plasmids [15] .
TAV can activate reinitiation after translation of any first ORF in an artificial bicistronic RNA, indicating that specific viral cis sequence signals are not required [5, 26] . However, CaMV ORF VII significantly increased reinitiation at the downstream ORF [5, 26] . Notably, the presence of an sORF (optimally approx. 30 codons) upstream of both long ORFs strongly enhances the process. A long overlap of the major ORFs (130 nt) inhibits transactivation, whereas a short overlap (17 nt) is permissible [5] . The efficiency of TAVmediated reinitiation is not affected much by the distance between the two ORFs, which can be as long as at least 600 nt; translation of two ORFs connected by the AUGA quadruplet in the presence of TAV resulted in as high a level of second ORF expression as if they were separated by more than 70 nt [5] . Translation of the 35S RNA is strongly capdependent, the first translatable ORF is the short ORF A and translation of ORF VII was shown to occur via a reinitiation mechanism [3, 27, 28] .
Reinitiation after translating an sORF in eukaryotes
Most eukaryotic mRNAs are monocistronic, promoting cap-dependent initiation at the 5 -proximal AUG codon in the optimal initiation context [29] . Although reinitiation is unusual in eukaryotes, it still can occur after translation of an sORF [30] . Protein requirements for reinitiation of ribosomes terminating translation of an upstream sORF are under intensive investigation. The best-known case of translation control by sORFs has been described for GCN4 RNA, encoding a transcriptional activator of many amino acid biosynthetic genes [31, 32] . The reinitiation efficiency at the downstream ORF depends on the availability of active eIF2 (eukaryotic initiation factor 2) and on the time required to rebind a new ternary complex, Met-tRNA i -eIF2-GTP. Usually, sORF-terminating ribosomes must scan a certain distance (approx. 70-100 nt, if the secondary structure of translated sORF does not impede the ribosome movement) until they reacquire the new ternary complex [33, 34] . eIF3 was long known to promote binding of eIF2 and Met-tRNA i to 40S ribosomes [35, 36] . GCD10, a subunit of eIF3 in yeast, was identified as the translational repressor GCN4, indicating that eIF3 acts during reinitiation to stimulate binding of the ternary complex to small ribosomal subunits in vivo [37] . Recently, eIF4F (or the eIF4G central domain) was implicated in the reinitiation process, apparently by mediating resumption of scanning [38] .
A possible explanation for the inhibitory effect of a longer ORF on reinitiation efficiency when compared with that of a small one might simply be that some initiation factors are retained on the terminating ribosome after a short translation event but not after a long one [26, 33] . Remaining initiation factors might help 40S ribosomal subunits to resume scanning and/or allow them to stay reinitiation-competent. The ternary complex obviously needs to be re-acquired de novo whereas, for example, eIF3 and eIF4F (either autonomously or bound to eIF3) could remain associated with the ribosome and allow reinitiation to occur.
Components of the host translation machinery involved in the TAV-mediated reinitiation process
How can CaMV overcome the cell barriers for the reinitiation process? We have identified several cellular proteins, which could interact with TAV during viral infection (Figure 2) . The central part of TAV, which is required for transactivation of polycistronic translation, can be dissected into two domains: the N-terminal domain (miniTAV) and the C-terminal MBD (multiple protein-binding domain, Figure 2 ). miniTAV is absolutely essential for transactivation, since deletion of the tetrapeptide YNGP completely inactivated the transactivator [39] . The miniTAV peptide alone can still promote a residual level of transactivation (approx. 20-25%) and, for very high concentrations, in plant protoplasts the level of transactivation can be much higher [39] . miniTAV shares significant similarity with the N-terminal eukaryotic RNase H1 domain and similarly binds double-stranded RNA [40, 41] . The most intriguing property of miniTAV, however, is its ability to interact with at least two 60S ribosomal proteins, L18 [42] and L13 (M. Bureau and M. Keller, personal communication). The functional meaning of these interactions remains a matter of debate.
MBD is involved in multiple interactions with the host translation machinery (Figure 2 ) and increases the efficiency of transactivation by 70-75%. MBD interacts with the Znfinger-containing motif within the central part of the eIF3g subunit of eIF3 and the 60S ribosomal protein L24. Their binding sites on TAV overlap [43] . eIF3g out-competes L24 for TAV binding. We have demonstrated that TAV can form stable complexes with intact eIF3 and the 60S ribosome and eIF3 can bridge TAV and the 40S ribosomal subunit [43] . Overexpression of eIF3g in plant protoplasts down-regulates the level of transactivation to a level comparable with that attributable to miniTAV (approx. 20-25%). Inhibition apparently occurs due to interaction between eIF3g and TAV, resulting in loss of TAV by translating ribosomes. Thus endogenous intact eIF3 is required for TAV-mediated transactivation. Indeed, in CaMV infected tobacco plants, eIF3 and TAV co-sediment with the polysomal fraction, whereas in healthy plants eIF3 co-sediments mainly with the 40S ribosomal subunit fraction and not with the polysome fraction [43] . Notably, CaMV infection leads to approx. a 3-fold increase in the level of translationally active ribosomes in the cytoplasm, as manifested by the ratio between monosomes and polysomes [43] . The TAV-eIF3 complex may directly bind to the translating ribosome in vitro. Indeed, a TAV-eIF3-80S complex could be detected by sucrosegradient centrifugation [44] . Together, these observations suggest that the polysome-associated TAV-eIF3 complex is maintained during the elongation event and thus could allow resumption of scanning and subsequent reinitiation at the downstream AUG triplet. Thus one important function of TAV could be to prevent dissociation of factors supporting the reinitiation process during the first translation event. CaMV could thus provide competence for reinitiation immediately after the termination of the upstream ORF [5] .
In contrast, overexpression of L24 in plant protoplasts led to significant enhancement of TAV-dependent reinitiation. The positive effect of free L24 might be due to relief from inhibition of transactivation mediated by ribosome-bound L24. L24 is located at the internal surface of the 60S ribosomal subunit, close to the main factor-binding site [45] [46] [47] and its interaction with TAV might affect the binding of elongation factors to the translating ribosome. TAV is abundant at a later stage of infection, forming inclusion bodies in the cytoplasm of infected cells; it could inhibit translation by binding to L24 [43] and liberating the CaMV RNA for packaging and reverse transcription.
How TAV enters the host translation machinery
At the time of cap-dependent translation initiation, TAV could bind to the 40S ribosomal subunit-bound eIF3 before or after the 60S ribosomal subunit joins the complex. A part of the 48S preinitiation complex, eIF3 is involved in multiple interactions with RNA, the 40S ribosome, eIFs 1, 5, 4G and 4B (see [35] for a review). eIF4B interacts with eIF3 via subunit g in yeast [48] . Thus eIF4B could directly interfere with TAV-eIF3g complex formation. The central G-rich domain of Arabidopsis eIF4B could interact with the central domain of eIF3g, which has previously been implicated in TAV binding [44] . Using a glutathione S-transferase pulldown assay and a yeast three-hybrid system, we have shown that eIF4B out-competes TAV for binding to intact eIF3 and 40S-bound eIF3. On the other hand, both eIF4B and TAV can form stable complexes with eIF3/40S, which resist TAV or eIF4B binding respectively [44] . These observations suggest that TAV forms a stable complex with 40S-bound eIF3 after eIF4B removal.
Taken together, these studies support the notion that TAV interferes with the second but not the first translation initiation event. In vivo experiments in Nicotiana plumbaginifolia protoplasts confirmed that TAV is inert for the first ORF initiation. In addition, overexpression of eIF4B in plant protoplasts negatively affects TAV-mediated transactivation [44] . This effect of eIF4B on TAV-mediated reinitiation efficiency is most probably due to competition with TAV for eIF3 binding, leading to increased loss of eIF3 from the translation machinery.
Model of TAV action
eIF4F (4E/4G/4A), together with eIF4B, interacts with eIF3 bound to the 48S preinitiation complex (Figure 3, step 1) . During the codon-anticodon recognition step, eIF2 is removed from the 40S ribosomal subunit as a result of eIF5-dependent GTP hydrolysis. TAV is apparently sequestered by eIF3 via its subunit g after or concomitant with disruption of the eIF3-eIF4B complex on the 40S ribosomal subunit apparently during the 60S subunit joining step ( Figure 3 , step 2). ORF1 elongation begins. TAV strengthens the otherwise unstable eIF3-40S complex. TAV/eIF3 could remain attached to the solvent side of the 40S ribosome during translation elongation ( Figure 3, step 2) . The backside location of eIF3 on the 40S ribosomal subunit [49, 50] suggests that the eIF3-40S complex would not interfere with the elongation process.
According to another scenario, the TAV-eIF3-80S complex could be stabilized, possibly by transfer of TAV/eIF3 to the 60S subunit through TAV interaction with L18 (and/or L13), during the elongation process ( Figure 3, step 3) . The archaebacterial homologue of eukaryotic L18 (L18e) locates on the external surface of the 50S subunit, somewhere near the neck region according to the crystal structure of the archaebacterial 50S ribosomal subunit [47] . The TAV-eIF3 complex could be transferred back to the 40S ribosome during the termination step of ORF I translation (Figure 3,  step 4) . The TAV-eIF3-40S complex would thus reacquire the ternary complex and be ready to drive ribosome scanning or immediate reinitiation at the next AUG triplet.
Conclusions
Owing to their compact nature, viral genomes contain a high density of regulatory sequences and are a very attractive model to study cellular processes, including details of basic gene expression mechanisms. Scientists try to determine the rules that make the behaviour of biological systems and processes predictable, but viruses can often bypass these basic pathways. However, in biology, a study of the exceptions frequently leads to a deeper understanding of conventional cellular events. Caulimoviruses have developed at least two unusual translation initiation strategies: scanning of the leader sequence via shunting and translation reinitiation at polycistronic RNAs, and both these strategies can be considered as violating the established rules in a eukaryotic cell. A better understanding of how CaMV can achieve this should help us to understand the details of cellular translation mechanisms.
Future research will show whether the same mechanisms operate within the host cell, and if functional homologues of TAV can be found among cellular proteins.
